Increased production of penicillin-binding protein PBP 4 is known to increase peptidoglycan cross-linking and contributes to methicillin resistance in Staphylococcus aureus. The pbp4 gene shares a 400-nucleotide intercistronic region with the divergently transcribed abcA gene, encoding an ATP-binding cassette transporter of unknown function. Our study revealed that methicillin stimulated abcA transcription but had no effects on pbp4 transcription. Analysis of abcA expression in mutants defective for global regulators showed that abcA is under the control of agr. Insertional inactivation of abcA by an erythromycin resistance determinant did not influence pbp4 transcription, nor did it alter resistance to methicillin and other cell wall-directed antibiotics. However, abcA mutants showed spontaneous partial lysis on plates containing subinhibitory concentrations of methicillin due to increased spontaneous autolysis. Since the autolytic zymograms of cell extracts were identical in mutants and parental strains, we postulate an indirect role of AbcA in control of autolytic activities and in protection of the cells against methicillin.
Resistance to ␤-lactam antibiotics in Staphylococcus aureus primarily involves penicillin-interactive proteins, such as ␤-lactamases and penicillin-binding proteins (PBPs), the latter being integral membrane proteins involved in the last stages of peptidoglycan biosynthesis. S. aureus possesses three high-molecular-mass PBPs (PBPs 1, 2, and 3) and one low-molecularmass PBP, PBP 4 (15) . While the high-molecular-mass PBPs are postulated to have solely transpeptidase activity (36) , PBP 4 is involved in secondary cross-linking of the peptidoglycan layer and possesses transpeptidase and DD-alanine carboxypeptidase activities (21, 26, 42) . Overproduction of PBP 4 and/or of PBP 2, as well as changes in their affinities to ␤-lactams, increases intrinsic resistance to ␤-lactams in susceptible strains (3, 4, 14, 18, 19, 20, 39) .
Little is known about the regulation of PBP production and activity. Besides the PBP genes, other, non PBP-associated genes are postulated to contribute to intrinsic ␤-lactam resistance (2) . The pbp4 structural gene is separated by only 400 nucleotides from a divergently transcribed gene, abcA, which codes for an ATP-binding cassette (ABC) transporter-like protein (8, 19) . The ABC transporters constitute a large family of membrane transporter systems found in both prokaryotic and eukaryotic cells. They contribute to the import or export of a wide range of substances such as proteins, peptides, polysaccharides, vitamins, and drugs, utilizing ATP as the source of energy (22) . The possible roles of the AbcA transporter in S. aureus are still controversial. An increase in ␤-lactam resistance in a PBP 4 overproducer was shown to correlate with a 90-bp deletion close to abcA in this intercistronic region. The elevated level of pbp4 transcription was paired with only an insignificantly higher level of abcA expression (19) . In contrast, Domanski et al. (8, 9) showed increased levels of pbp4 transcripts in an abcA knockout mutant, suggesting that S. aureus abcA regulates PBP4 production.
To further investigate the interaction between abcA and pbp4 and their possible contribution to intrinsic ␤-lactam resistance in S. aureus, we studied abcA regulation and generated abcA mutants by insertional inactivation of the gene.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and plasmids. The strains and plasmids used in this study are listed in Table 1 . When not mentioned otherwise, strains were grown at 37°C in Luria-Bertani (LB) medium (Difco, Detroit, Mich.). Escherichia coli strain DH10B (Gibco BRL Life Technologies, Gaithersburg, Md.) and S. aureus strain RN4220 were transformed by electroporation, and transformants were selected on LB plates containing either 100 g of ampicillin per ml or 5 g of chloramphenicol per ml. S. aureus was transduced with bacteriophage 80␣, and transductants were selected on LB plates containing 2.5 g of erythromycin per ml. For S. aureus, the growth temperature was 30°C for propagating temperature-sensitive plasmids or making phage lysates and 43°C for inducing integration of the temperature-sensitive plasmids into the chromosome.
DNA techniques. Standard techniques for DNA isolation, gel electrophoresis, cloning, Southern hybridization procedures, and DNA sequencing were used (31) . Restriction enzymes and T4 DNA ligase were obtained from Boehringer (Mannheim, Germany). PCR was carried out with primers synthesized by Microsynth (Balgach, Switzerland) with AmpliTaq Gold polymerase from PerkinElmer (Rotkreuz, Switzerland). For DNA sequencing, PCR fragments were amplified from chromosomal DNA with the Expand High Fidelity PCR system (Boehringer) and sequenced with the BigDyeTerminator Ready Reaction Kit on a Perkin-Elmer 310 sequencer.
Construction of pGS2 and pGS3. The 730-bp HindIII/PstI internal abcA fragment obtained by amplification of BB255 chromosomal DNA (Fig. 1 ) was cloned into pTS1 (HindIII/PstI). The ends of the 1,726-bp AvaI fragment of Tn551 (41) containing the erythromycin resistance determinant (ermB) were filled, and the fragment was blunt-end ligated into the EcoRV site of the insert. Plasmid pGS2 carries the ermB resistance determinant in the same transcriptional direction as the abcA gene (Fig. 1) ; plasmid pGS3 carries the determinant in the opposite direction. Both plasmids are temperature sensitive for replication in S. aureus.
Plasmid-mediated insertional inactivation. S. aureus strain RN4220 was transformed with pGS2 or pGS3 and subsequently used as a donor for transduction of BB255 and BB270. Transductants were selected on LB broth containing 5 g of chloramphenicol per ml at 30°C. For plasmid-mediated insertional inactivation, transductants were grown overnight in LB broth containing 2.5 g of erythromycin per ml at 30°C, diluted 100-fold, and incubated until the optical density at 600 nm (OD 600 ) of the cells was 0.1. Aliquots were then plated on 2.5 g of erythromycin per ml and incubated at 43°C for 48 h. Colonies were tested for growth on 5 g of chloramphenicol per ml and 2.5 g of erythromycin per ml. Clones which were sensitive to chloramphenicol and resistant to erythromycin were assumed to have been subject to a double crossover with subsequent loss of the plasmid. They were tested for insertional inactivation of the abcA gene by PCR and Southern hybridization, and positive clones were verified by DNA sequencing.
Antibiotic susceptibility tests. Antibiotic susceptibility was determined by the E-test (AB BIODISK, Solna, Sweden) on Mueller-Hinton agar (Difco) after 24 h of incubation at 35°C. Population analysis profiles were established by plating aliquots of an overnight culture on increasing concentrations of methicillin and determining the CFU after 48 h of incubation at 37°C. Susceptibilities to lysostaphin (AMBI, Trowbridge, United Kingdom) and to daptomycin in the presence of 50 mg of Ca 2ϩ per liter (a gift from J. Silverman, Cubist Pharmaceuticals Inc., Cambridge, Mass.) were tested by broth microdilution.
Measurement of autolysis. Unstimulated and Triton X-100-stimulated autolysis was measured as described by Gustafson Autolytic activities in cell extracts were analyzed in a zymogram using BB255 cell walls as described by Berger-Bächi et al. (2) .
Northern blot analysis. A 1% (vol/vol) inoculum of an overnight culture was used to initiate growth of bacterial cells in LB broth at 37°C. Methicillin was added to the medium at time of inoculation, and cells were harvested in the exponential growth phase. RNA was isolated as described by Kullik and Giachino (28) . Northern hybridization procedures were performed as described by Münch (33) . The hybridization probe was either the HindIII/PstI internal abcA fragment or the PstI/Sau3A pbp4 fragment ( Fig. 1 ) of BB255 which was cloned into pBLSK(ϩ) (Stratagene, La Jolla, Calif.) and transcribed in vitro with the T3 and T7 RNA polymerases and the DIG RNA Labeling Mix (Boehringer) according to the suppliers protocol.
RESULTS
Analysis of abcA and pbp4 expression in parental strains. The function of the AbcA transporter in S. aureus is still unknown. Because of the proximity of abcA to pbp4, which has been shown to be involved in methicillin resistance (20) , abcA may also contribute to antibiotic resistance. Domanski et al. (9) showed that the regions of the transcriptional starts of both genes overlap, suggesting a common regulatory mechanism. Therefore, we wanted to get more information about the regulation of abcA and pbp4. Analysis of abcA-and pbp4-specific RNAs during the growth cycle of BB255 revealed different expression patterns for the two genes (Fig. 2) . While abcA expression reached its maximum at an OD 600 of 0.6, pbp4 expression was already at its maximum in the early exponential phase at an OD 600 of 0.2 to 0.3. The same expression maximum for pbp4 during the growth cycle was also observed in the abcA mutants GS186 and GS190 (data not shown).
Expression of abcA in agr and sar mutants. The global regulatory systems agr and sar are involved in regulation of virulence determinants in S. aureus (5, 34, 38) . While the polycistronic locus agr is known to control toxin and exoprotein production (34), the locus sar was shown to be necessary for the optimal expression of agr (6) . RNAs of agr deletion, sar, and agr sar double mutants derived from BB255 (BB1163, BB1038, and BB1164, respectively) and from BB270 (BB1165, BB1030, and BB1166, respectively) were isolated and analyzed in a Northern blot in regard to the expression of abcA. abcAspecific transcripts were reduced in agr and agr sar double mutants and to a lesser extent in the corresponding sar mutants (Fig. 3) . The effect of agr on abcA transcription could be confirmed in other, nonrelated agr mutants (data not shown). Therefore, we deduced that the abcA transcription is under the control of the global regulator agr. In contrast, agr and sar had neither an effect on pbp4 transcription (data not shown) nor an effect on the PBP 4 protein level (37) .
Insertional inactivation of abcA. To study the role of the AbcA transporter in methicillin resistance, we created an abcA insertion mutant by introducing the erythromycin resistance determinant of Tn551 (ermB) in both transcriptional directions into the abcA genes of the methicillin-sensitive strain BB255 and the methicillin-resistant strain BB270 (Fig. 1A) . To test the stability of the insertion and to cure the strains of any remaining plasmid molecules, backcrossings into parental strains were performed. The insertion and orientation of the erythromycin determinant within the abcA gene were verified by PCR, Southern hybridization, and DNA sequencing (data not shown). DNA sequencing of the mutants thus obtained revealed no relevant changes, either in the intercistronic region, in the region of the junctions, or in the parts of the abcA gene surrounding the ermB resistance determinant, compared to the parental strains.
Analysis of abcA and pbp4 expression in abcA mutants. Interruption of the abcA gene was performed primarily by insertion of the erythromycin resistance determinant in the same transcriptional direction as the abcA gene, resulting in mutant strains GS186 and GS190. This was to exclude any effects on the neighboring pbp4 gene. Northern blot analysis of the RNAs isolated from those mutants using an internal abcA probe revealed a transcription product of approximately 600 nucleotides (Fig. 4) . Because the intact abcA gene has a length of approximately 1,700 nucleotides, this shorter product cannot lead to a functionally active AbcA transporter protein. DNA sequencing analysis revealed that this shorter fragment was probably due to an abcA-specific transcription product originating from a start codon within the abcA sequence and driven by the promoter for ORF4 of Tn551 (41) . When ermB was inserted in the opposite direction, in strains GS279 and GS289, no abcA gene products were observed (Fig. 4) . Independent of the transcriptional direction of the ermB insert, the abcA in -FIG. 2 . Northern blot analysis of RNA isolated from BB255 cells at different OD 600 s during the growth cycle. Blots were hybridized with probes specific for abcA or pbp4 (Fig. 1B) . o/n, overnight culture. (Fig. 1B) .
FIG. 3. Northern blot analysis of different

FIG. 4.
Northern blot analysis. RNAs were isolated from exponentially growing parental strains (BB255 and BB270) and their corresponding abcA mutants (GS186, GS279, GS190, and GS289) harvested at an OD 600 of 0.4 and hybridized with abcA-or pbp4-specific probes (Fig. 1B) .
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on November 7, 2017 by guest http://aac.asm.org/ Downloaded from activation had essentially no effects on pbp4 transcription (Fig.  4) . Susceptibility to methicillin and other antibiotics. To test the role of the AbcA transporter in antibiotic resistance, the susceptibilities of the abcA mutant strains GS186 and GS190 and their parental strains BB255 and BB270 to different commonly used cell wall-and membrane-directed antibiotics, like oxacillin, cefoxitin, cefotaxime, imipenem, vancomycin, teicoplanin, lysostaphin, and daptomycin, were tested, and these were shown to be identical in mutant and parental strains ( Table 2 ). In addition, in a lysostaphin sensitivity assay performed as described by Domanski et al. (9) , no differences between the mutant and parental strains were observed (data not shown). MICs of methicillin as well as exposure to increasing concentrations of methicillin in the population analysis did not reveal any differences, suggesting no direct involvement of the AbcA transporter in methicillin resistance (Fig. 5A) . However, although the population analysis showed identical numbers of parental and mutant cells at different concentrations of methicillin, major portions of the colonies of mutants GS186 and GS190 were subject to cell lysis. Lysis in GS186 and GS190 started in presence of 0.3 and 16 g of methicillin per ml, respectively, whereas in BB255 and BB270 slight lysis was observed only at the highest concentrations of 1 and 1,000 g of methicillin per ml, respectively.
To further investigate the effects of methicillin, we exposed the methicillin-sensitive strain BB255 and the resistant strain BB270 to different concentrations of methicillin and analyzed abcA expression by Northern blotting. In BB255, as well as in BB270, abcA expression was induced by increasing concentrations of methicillin (Fig. 5B) , while pbp4 expression remained unaffected (data not shown). Induction was obtained only after 3 h of exposure of the culture to methicillin. Treatment with the drug for only 30 min produced no differences in abcA expression levels compared to the untreated cells (data not shown). Exposure of growing cells of the parental strains to lysostaphin, vancomycin, or daptomycin, whose target is the cell wall, did not show any effects on abcA transcription (data not shown).
Autolysis experiments. Since population analysis showed that a major portion of abcA mutant colonies started to lyse at subinhibitory concentrations of methicillin, we investigated whether inactivation of abcA leads to changes in autolytic properties. Unstimulated as well as Triton X-100-stimulated spontaneous whole-cell autolysis was faster in GS186 and GS190 than in the corresponding parental strains BB255 and BB270 (Fig. 6) . Increased autolysis was independent of the orientation of the ermB insertion (data not shown).
Although spontaneous autolysis differed, zymograms showed no apparent differences in autolytic enzyme patterns in all strains tested (Fig. 7) .
DISCUSSION
Overproduction of PBP 4 leads to increased peptidoglycan cross-linking and methicillin resistance in S. aureus (9, 14, 19, 21, 42) . The postulated regulatory link between transcription of pbp4 and abcA (8, 9) , resulting in pbp4 overexpression upon abcA inactivation, could not be confirmed in this study. Inactivation of abcA by ermB inserted either in the same or the opposite direction with respect to abcA transcription had no effect on pbp4 transcription and resistance and no effect on peptidoglycan cross-linking (K. Ehlert, personal communication). The overexpression of pbp4 transcription in the abcA knockout mutant of Domanski et al. (8, 9) may therefore have been due to a cloning artifact introduced by the inserted plasmid. 
FIG. 5. Treatment with methicillin. (A)
Population analysis profiles of parental strains BB255 and BB270 and the corresponding abcA mutants GS186 and GS190 on increasing concentrations of methicillin. The CFU were determined after 48 h of incubation at 37°C. Symbols: }, BB270; {, GS190; OE, BB255; E, GS186. (B) Analysis of RNAs isolated from BB255 and BB270 growing in the presence of different concentrations of methicillin and harvested in the exponential phase at an OD 600 of 0.6. Growing cells of BB255 reached an OD 600 of 0.6 after 2.5 h (control, 0.5 g of methicillin per ml) and 3.5 h (1.0 g of methicillin per ml); those of BB270 reached this OD 600 after 3 h (control, 5 g of methicillin per ml) and 4 h (100 g of methicillin per ml). Northern blots were hybridized with an abcA-specific probe (Fig.  1B) .
The different expression patterns of abcA and pbp4 observed during growth suggest them to be regulated independently. pbp4 transcription peaked in the early growth phase, whereas transcription of abcA reached its maximum later in the exponential growth phase. Moreover, transcription of abcA was reduced in agr mutants and to a lesser extent in sar mutants, whereas pbp4 seemed not to be affected. The global regulators agr and sar have formerly been reported to affect penicillininduced killing (13) . The MICs and sensitivity tests against methicillin revealed no measurable quantitative effects of abcA inactivation on methicillin resistance. However, the lysis of a large portion of abcA mutant colonies on plates at subinhibitory concentrations of methicillin indicate that AbcA transporter mutants respond differently, with delayed lysis, to methicillin stress. Interesting in this context was the elevated abcA transcription triggered by exposure to methicillin, suggesting a protective role of AbcA against methicillin.
The observation that abcA mutants clearly showed higher rates of spontaneous cell autolysis despite identical autolytic enzyme patterns hints at an indirect role of AbcA on autolytic activities. The mechanisms which regulate endogenous and ␤-lactam-induced lysis are not yet known. Lipoteichoic acids and wall teichoic acids have been proposed to modify the cell wall autolytic enzymes through the degree of D-alanine ester substitution (7, 12, 17, 23, 24, 25, 29, 30) . In preliminary experiments, decreased D-alanine contents of lipoteichoic acids, as well as of wall teichoic acids, in the abcA mutant of BB255 but not in that of BB270 were observed (K. Schubert, personal communication). Increased spontaneous autolysis in abcA mutants may therefore not directly be due to a change in Dalanine ester substitution. However, support for a possible interaction between the AbcA transporter and wall teichoic acids comes from database searches (The Institute for Genomic Research, Sanger Centre) that reveal the genes tagD, tagX, tagB, tag permease, tagH, and tagA located downstream of pbp4; these are genes involved in teichoic acid biosynthesis. Additionally, 360 bp downstream of abcA is a gene for a putative transporter protein showing 44.8% similarity with a hypothetical nucleoside uptake protein of Bacillus subtilis, followed by, among others, genes for a ferrichrome transport protein and a D-alanine glycine transporter.
ABC transporters can be divided into two groups. Transporters appear to function only in export when the membranespanning and ATP-binding domains are located on a single polypeptide, whereas they can facilitate import or export when the two domains are located on separate polypeptides (11) . The AbcA transporter would therefore belong to the first group, probably being an exporter. Support for the function of AbcA as an exporter comes from the comparison with other known transporter proteins. The AbcA protein shows 77% similarity and 56% identity to PepT of Staphylococcus epidermidis, a transporter involved in Pep5 lantibiotic export (32) , and 65% similarity, 39% identity to LmrA of Lactobacillus lactis, which is responsible for drug efflux (40) . Many of the ABC exporters require additional proteins to form a functional complex. The genes for these additional factors, which have been identified in several gram-negative systems, are usually found linked to the gene encoding the ABC protein (11) , which in this case would be the putative nucleoside uptake protein.
Although our study gave new hints about the possible function of the AbcA transporter in S. aureus, its exact role in cell metabolism remains unknown. The interesting finding that abcA transcription is dependent on the agr system calls for further investigation.
